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Abstract
We characterize the neutron output of a deuterium-deuterium plasma fusion neutron generator, model 35-DD-W-S,
manufactured by NSD/Gradel-Fusion. The measured energy spectrum is found to be dominated by neutron peaks at
2.2 MeV and 2.7 eV. A detailed GEANT4 simulation accurately reproduces the measured energy spectrum and confirms
our understanding of the fusion process in this generator. Additionally, a contribution of 14.1 MeV neutrons from
deuterium-tritium fusion is found at a level of 3.5%, from tritium produced in previous deuterium-deuterium reactions.
We have measured both the absolute neutron flux as well as its relative variation on the operational parameters of the
generator. We find the flux to be proportional to voltage V 3.32±0.14 and current I0.97±0.01. Further, we have measured
the angular dependence of the neutron emission with respect to the polar angle. We conclude that it is well described
by isotropic production of neutrons within the cathode field cage.
1. Introduction
Neutron generators are a convenient, commercially
available source of neutrons widely used in science and
engineering. They can easily achieve a tuneable neutron
flux of 106 n/s with some generators operating above the
1010 n/s range, they pose no or only minimal safety con-
cerns when turned off, and they are available in a variety of
configurations. The latest advances in the field of compact
sealed-tube neutron generators toward the development of
smaller, lighter and less expensive systems further extend
their applicability.
Two main reactions are exploited in such generators:
deuterium-tritium fusion yielding 14.1 MeV neutrons, and
deuterium-deuterium fusion yielding 2.45 MeV neutrons in
the center-of-mass frame. Two operating principles are
commonly employed to induce fusion. One is to accel-
erate a beam of deuterium ions onto a solid state target
which contains either deuterium or tritium. Another prin-
ciple is the fusion of ions in a plasma in the presence of
a high voltage potential. Indeed, there are detailed dis-
cussions of the characteristics of deuterium-tritium gen-
erators [1], deuterium-deuterium generators [2–4] as well
as neutron generators in general [5, 6]. However, to our
knowledge, the measurements reported here represent the
first complete characterization of a deuterium-deuterium
plasma fusion generator, including the determination of
absolute neutron yield, neutron energy spectrum and emis-
sion anisotropy.
2. Setup
2.1. Neutron Generator
The neutron generator characterized in this work is
a model 35-DD-W-S deuterium-deuterium plasma fusion
neutron generator manufactured by NSD/Gradel-Fusion.
This generator produces 2.45 MeV neutrons based on the
fusion of deuterium
2D + 2D→ 3He (0.82 MeV) + n (2.45 MeV). (1)
The generator is capable of delivering neutron fluxes
up to 107 n/s. Given our particular application of this
generator in the field of direct dark matter detectors [7],
it was modified to enable stable operation even at fluxes
as low as 10 n/s. The neutron generator has a cylindrical
shape with a length of 940 mm and a diameter of 138 mm.
It has a standalone high voltage power supply module, a
slow control program to monitor system parameters, and
a water cooling loop.
The working principle of the neutron generator is based
on inertial electrostatic confinement (IEC). The generator
has a fusion chamber filled with deuterium gas. The deu-
terium pressure is reduced to a level that allows for plasma
ignition by glow discharge (Paschen’s law). The primary
source of neutrons is considered to be the plasma in the
volume surrounded by the cathode. Deuterium gas in the
fusion chamber is ionized and the resulting ions are accel-
erated toward the cathode field cage. Once inside the field
cage, the ionized gas is confined by applying a high voltage
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ranging between 10 − 100 kV. When the necessary con-
ditions to overcome the Coulomb barrier are met, fusion
occurs, emitting approximately mono-energetic 2.45 MeV
neutrons.
2.2. Liquid Scintillators
We use two liquid scintillator detectors, a 3”×3” EJ301
cell and a 2”×2” NE213 cell, to measure the neutron en-
ergy spectrum and relative flux. The scintillator used in
these detectors is identical, apart from the manufacturer
[8]. Liquid scintillators are very popular for fast neutron
detection as they can easily be shaped into the desired size
and geometry of a given application. The process of elastic
scattering by neutrons off the protons found in the hydro-
carbon molecules produces prompt scintillation that offers
excellent timing performance. Such nuclear recoils exhibit
greater ionization density rates than electronic recoils that
are induced by various backgrounds. Consequently, the
ionization tracks of nuclear recoils produce higher yields of
delayed fluorescence, resulting in scintillation pulses that
decay more slowly than those of electronic recoils of com-
parable energy. The different pulse shapes that arise from
electronic and nuclear recoils in liquid scintillators can thus
be exploited using pulse shape discrimination methods [9–
12]. Additionally, if the detector response to neutrons of
specific energies is well known, these detectors can be used
to reconstruct the energy spectrum of the incident neutron
flux [13, 14].
The EJ301 detector cell was optically coupled to a
ETEL 9821KB photomultiplier (PMT) which was oper-
ated at a voltage of 1700 V. The anode signal of the PMT
was acquired using a CAEN DT5751 digitizer, which sam-
ples at 1 GHz with 10 bit resolution and has a 1 V dynamic
range. The NE213 detector cell was coupled to an XP2020
PMT via a short lucite light guide. The PMT was oper-
ated at a voltage of -1950 V. Standard nuclear electronics
modules were used for analogue signal processing. A sig-
nal proportional to the total amount of scintillation light
produced in the detector cell (pulse height) was derived
from the ninth PMT dynode. A second signal related to
the decay time of the light pulse (pulse shape) was derived
from the PMT anode using the zero-crossing technique.
The two signals were digitized using pulse-height sensi-
tive ADCs and a PC based multi-parameter data acqui-
sition system. Deuterium-deuterium IEC fusion devices
are known to produce bremsstrahlung in addition to neu-
trons [15]. Therefore we operated the liquid scintillator
detectors with lead shielding.
The gain of the PMT in the NE213 detector was con-
stantly measured and adjusted using a feedback loop. This
was constructed with an integrated LED, that gave con-
stant light pulses at a rate of 65 Hz, and a voltage added
to the bias voltage based on the PMT’s response to the
LED pulse. This setup allowed for a constant gain dur-
ing the long measurements required for determining the
energy spectrum (section 4).
2.3. De Pangher Long Counter
We use a De Pangher Long Counter to measure the
absolute neutron flux. This detector is made of concen-
tric layers of polyethylene and borated polyethylene. The
borated polyethylene shields the detector from neutrons
entering the detector through its side wall, whereas inci-
dent neutrons from the source, which enter through the
planar surface, are thermalized by the polyethylene. At
the center of the Long Counter is a tube filled with BF3
that is enriched in 11B. Thermalized neutrons that are
scattered into this volume can be captured, producing an
alpha through the 11B(n, α)7Li reaction. The detection of
the emitted alpha particle produces a unique signal in the
detector that is used to tag neutrons.
The Long Counter has the ability to measure neutron
fluxes with a response that is almost independent of neu-
tron energy in the range from a few keV to almost 10 MeV.
Their high sensitivity allows them to be used to measure
low neutron fluxes. Additionally, they are directional,
which is necessary to control the impact of in-scattered
neutrons [16].
2.4. Experimental Setup
Figure 1: The experimental setup at PTB. The neutron generator is
located at the center of the circle with the Long Counter at a radial
distance of 1569 mm. On the left hand side, the NE213 detector can
be seen at a distance of 2069 mm and at polar angle 230◦.
Measurements of the neutron flux were performed both
at Purdue University and at the Physikalisch-Technische
Bundesanstalt (PTB). Figure 1 shows the experimental
setup at PTB. The neutron generator was placed with its
horizontal axis at the center of the experimental facility.
We define the polar angle such that the direction perpen-
dicular to the axis of the neutron generator is 90◦, as shown
in Fig. 2. All distances in this section are measured from
the center of the neutron generator to the front face of the
detector in question.
To measure the neutron energy spectrum, a NE213 de-
tector was placed at a radial distance of 865 mm from the
generator, facing it at a 90◦ polar angle. These measure-
ments were taken for a duration of 6.0 hours while the neu-
tron generator was operated at 50 kV and 2.5 mA. To be
able to perform background discrimination and subtrac-
tion, data were also collected for 21.1 hours while the neu-
tron generator was off.
2
Figure 2: The coordinate system used at PTB. The schematic shows
the neutron generator from above, with its high voltage (HV) end
taken to be at 0◦ polar angle and its low voltage (LV) end taken
to be 180◦ polar angle. Also shown are the Long Counter at 90◦
and the NE213 detector at 230◦, as the detectors were placed when
Figure 1 was taken.
Additionally, data were taken with a shadow cone
placed between the neutron generator and the Long
Counter, where the Long Counter was placed at two dif-
ferent radii. These measurements were used to verify that
the Monte Carlo simulations of the experimental setup cor-
rectly accounts for the number of neutrons scattered off the
air into the Long Counter.
For the measurements of the angular emission (sec-
tion 6), the Long Counter was placed on a radial arm at
a distance of 1569 mm from the neutron generator but at
various polar angles. A 3”×3” EJ301 detector was placed
at a distance of 2000 mm at a fixed angle of 230◦ in order
to have a permanent measurement of the stability of the
generator during the angular scan.
The functional dependence of the neutron flux on the
applied voltage and current were determined using three
EJ301 liquid scintillator cells at Purdue in various orien-
tations. The response of these detectors to 2.45 MeV neu-
trons has previously been characterized [12]. Furthermore,
the functional dependence and absolute flux were mea-
sured at PTB with the Long Counter at a radial distance
of 1569 mm and a polar angle of 90◦.
3. Monte Carlo Simulation
We have developed a detailed Monte Carlo simulation
of the experimental setup in order to assist with the inter-
pretation of the obtained data. The simulation was devel-
oped using the GEANT4 toolkit [17]. Technical drawings
of the neutron generator and its interior, as well as the
three different neutron detectors, were used to create a
complete description of the major components that can
produce significant scattering of neutrons.
3.1. Physics List in GEANT4
This simulation made use of version 9.4-patch02 of
the GEANT4 toolkit. Since the energy of the neutrons
of interest is below 20 MeV, we use the High Precision
physics list, with G4NDL 3.14. This list contains cross-
sections down to thermal energies in order to accu-
rately describe the elastic, inelastic and capture processes
of neutrons in the Long Counter. The radioactive α,
β+, β− or electron capture decays are simulated using
G4RadioactiveDecay. Information about the half-lives,
nuclear level structure, decay branching ratios, and the
energies of decay processes are taken from the Evaluated
Nuclear Structure Data Files (ENSDF) [18].
The tracking of particles in GEANT4 is divided into
spatial steps. The length of these steps is automatically
set depending on the energy and type of each particle, as
well as the material it is propagating through. For each
interaction, we record the position, deposited energy, par-
ticle type, initial energy of the particle, and the process
responsible for the energy loss.
3.2. Neutron Generator Model
The description of the neutron generator in the
GEANT4 toolkit is reproduced from technical draw-
ings and information provided by the manufacturer,
NSD/Gradel Fusion. The important internal components
included in the simulation are the reaction chamber and
cathode, high voltage feedthrough, getter pump, and the
water cooling system. The deuterium gas conditions in-
side the fusion chamber were modelled using the known
pressure of the deuterium gas. We assumed homogeneous
neutron production within the cathode volume, producing
an isotropic neutron flux. This assumption is consistent
with the measured angular neutron flux (section 6) and
the energy spectrum measured at two different polar an-
gles (section 4).
The energy spectrum used as an input in the
GEANT4 simulation was calculated using the known
energy-dependent differential cross-section of deuterium-
deuterium fusion. The characteristic deuteron energy
was described by a Gaussian distribution with a mean of
30 keV and sigma of 3 keV. While this is consistent with
the applied high voltages of 40 kV and 50 kV, at which
measurements of the energy spectrum were obtained, as-
sumed average kinetic energies between 30 keV and 50 keV
also fit the data.
The energy of the incident particle in a fusion event
is determined by randomly sampling from the aforemen-
tioned Gaussian distribution. Angles (θ ∈ [0, pi]) were ran-
domly sampled to describe the emission angle of the neu-
tron relative to the direction of the incident particle. The
energies of the neutrons were determined from scattering
kinematics given θ. Differential production cross-section
information for neutrons from deuterium-deuterium fusion
on thin targets in the center-of-mass frame were taken
from [19]. Using the parametrization suggested therein,
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the differential production cross section can be described
by
dσ
dΩ
(θ) =
dσ
dΩ
(0◦)
∑
i
AiPi(θ), (2)
where dσdΩ (0
◦) is the differential production cross section
at 0◦, and Ai are the recommended Legendre coefficients
in the center-of-mass frame for a particle with incident
energy Ed. Using Equation 2, we calculate the production
cross-section of neutrons in the lab frame.
The resulting lab frame neutron energies are used to
produce an energy histogram, where each entry is assigned
a weighting factor determined by the production cross-
section of the fusion event that produced a neutron of that
energy. During Monte Carlo studies, neutron energies are
produced by randomly sampling from this distribution.
3.3. Liquid Scintillator Detector Model
The two liquid scintillators EJ301 and NE213 were
modeled as simple cylinders of the appropriate dimensions.
The material properties of both liquid scintillators were
taken to be those of EJ301 [20].
3.4. Long Counter Model
The De Pangher Long Counter simulation geometry
was also reproduced from technical drawings. The concen-
tric layers of polyethylene and borated polyethylene were
implemented, along with the central volume of enriched
BF3. In the Monte Carlo calculation, the emission of an
α-particle following neutron capture on 11B in the central
tube is assumed to represent a neutron detection event.
4. Neutron Energy Spectrum
We use the 2”×2” cylindrical NE213 detector to deter-
mine the energy spectrum of the neutrons produced by the
generator. Since this detector only measures the energy of
the recoiling proton, there is no unique measurement of the
incident neutron energy. Nevertheless two methods can be
used to determine the incident neutron energy spectrum.
Both require knowledge of the response function of the
scintillator, which is simply a matrix that gives the dis-
tribution of the amount of scintillation light for a given
incident neutron energy. We use a Monte Carlo-derived
response function, which is based on measurements in mo-
noenergetic and broad ns-pulsed neutron fields at PTB.
The latter allows one to apply time-of-flight methods to
select specific neutron energies [13, 21, 22].
If the initial neutron energy spectrum is known, the ob-
served recoil spectrum can be calculated from the convolu-
tion of this response function with the incident spectrum,
as we show in section 4.3. Alternatively, the observed re-
coil spectrum can be deconvoluted with the help of the
response function in order to extract the incident neutron
spectrum, as we do in section 4.4. The results that we ob-
tain from both methods are in good agreement with each
other.
4.1. Data Selection
The two parameters available for each event in the
NE213 scintillator are the pulse height, which increases
with the nuclear recoil energy, and the Zero Crossing
Method pulse shape discrimination parameter [23], which
allows one to distinguish nuclear and electronic recoil
events. Fig. 3 shows the histograms for both background
data and data taken with the neutron generator turned on.
The pulse height is converted to recoil energy (electronic
recoil equivalent) by Monte Carlo-matching of a 207Bi
gamma calibration spectrum. For proton recoil events,
the nonlinear relation between proton recoil energy and
the resulting signal amplitude, known as the light output
function, is considered in the neutron response function
data [24]. A linear energy scale is assumed, which we veri-
fied to be correct at six energies ranging up to an electron-
equivalent energy of 1546 keVee using the Compton edges
of the calibration sources 207Bi, 22Na and 137Cs.
We select neutron-induced events by cutting at the
99 % electronic recoil background rejection line in the
pulse shape discrimination parameter space, as indicated
in Fig. 3. We subtract the background rate in the selected
region by computing the number of events that pass the
cut in the background data set and using the appropri-
ate scaling for live-time. We apply an energy threshold of
120 keVee electron-equivalent energy in order to stay above
energies where characteristic X-ray emission from the lead
surrounding the NE213 detector starts to dominate.
4.2. Cut Acceptance
At low recoil energies, the pulse shape discrimination
becomes less efficient. Due to 99 % background rejection
criterion, for lower pulse heights an increasingly bigger
fraction of neutron events does not fall in the selected re-
gion of neutron events. We calculate the fraction of neu-
tron events passing this cut (the acceptance) as a function
of recoil energy as follows: for each energy bin, we subtract
the live-time normalized background data (Fig. 3a) from
the neutron generator data (Fig. 3b) and fit a Gaussian
to the resulting nuclear recoil distribution. The neutron
acceptance, shown in Fig. 4, is then taken as the area frac-
tion of the Gaussian above the background rejection line.
Also shown in the Fig. 4 is a smoothed interpolation that
we use in the calculations that follow. We calculate the un-
certainty on the acceptance by changing the fit parameters
of the Gaussian within their uncertainty and re-computing
the resulting acceptance.
4.3. Convolution
The initial neutron energy spectrum in the neutron
generator fusion region, calculated as described in sec-
tion 3.2, is shown in Fig. 5. As can be seen, a plasma
fusion generator as used here does not produce a truly
monoenergetic neutron spectrum. Due to the dependence
of the fusion cross section on the neutron emission angle
relative to the momentum of the incident deuteron, the
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Figure 3: (a) Data taken with the NE213 scintillator from a 21-hour background run and (b) a 6-hour run with the neutron generator turned
on, showing the pulse shape discrimination parameter as a function of recoil energy. A clear second neutron-induced band can be seen in the
right panel. These recoils are selected using a 99 % background rejection cut in the pulse shape parameter, as indicated by the solid (black)
line. The vertical dashed (red) line indicates the analysis threshold of 120 keVee electron-equivalent energy.
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Figure 4: The acceptance of the pulse shape cut (shown in Fig. 3) as
a function of energy. The Gaussian fraction above the pulse shape
cut is shown by the (green) data points. The two points at the
highest recoil energies are calculated with a wider bin width due to
low statistics in the neutron band at these energies. The (blue) solid
line is a lowpass-filtered interpolation of those data points. The 1σ
uncertainty band on this acceptance is also shown (shaded blue).
spectrum shows two peaks at 2.22 MeV and 2.72 MeV in
the lab frame, corresponding to emission angles of 180◦
and 0◦, respectively.
Neutrons from this spectrum are propagated from the
fusion region using GEANT4. The resulting neutron en-
ergy spectrum at the NE213 detector position is also shown
in Fig. 5, where we normalized the spectra to the energy
range from 2.2 MeV to 2.7 MeV for ease of comparison.
The most significant impact to the neutron energy spec-
trum comes from scattering in the cooling water that sur-
rounds the neutron generator fusion chamber. This causes
the long tail towards lower energies and gives rise to the
asymmetric peak structure.
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Figure 5: Shown are the simulated neutron spectrum in the neutron
generator fusion region (red dashed line) and the resulting simu-
lated spectrum at the NE213 detector (blue shaded histogram). Also
shown is the result of the deconvolution of our data (black solid line),
which is discussed in section 4.4. All spectra are normalized to the
region 2.2 MeV to 2.7 MeV for ease of comparison.
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We calculate the expected pulse height spectrum ob-
served by the NE213 detector from the incident Monte
Carlo-derived neutron energy spectrum. To this end, we
apply the response function described earlier and use the
data-derived acceptance function (Fig. 4) to correct for
acceptance losses at low pulse height energies. We nor-
malize the expected pulse height spectrum to the ob-
served data using a χ2-minimization in the energy range
(120−900) keVee electron-equivalent energy, where the up-
per limit of the considered energy range is placed at the
point where signal and background rates become compa-
rable. The result of this normalization is shown in Fig. 6
with its 1σ uncertainty, and the residuals. We find good
agreement between the expected and observed distribu-
tions, validating the assumed energy spectrum of produced
neutrons shown in Fig. 5. A closer inspection of the residu-
als of the minimization indicates that our nuclear recoil ac-
ceptance may be slightly underestimated below 350 keVee.
In addition to the data selection method outlined in
section 4.1, we repeated the analysis with no selection
on the pulse shape discrimination parameter. The pulse
height spectrum from the neutron generator is in this case
computed by subtracting the background spectrum from
the spectrum taken with the neutron generator turned on.
Since this method requires no acceptance correction, it can
be used as a cross-check of the cut-based analysis, however,
with larger statistical uncertainty from the increased num-
ber of bins. Any gamma radiation caused by neutrons or
Bremsstrahlung is ignored in this approach. By compar-
ing the gamma-induced band for the neutron generator
and background runs, we estimate that this contributes
. 10% to the number of events between 300 and 800 keVee.
We find that the data selected by this simple background
subtraction is consistent with the cut-based analysis if this
effect is considered.
4.4. Deconvolution
We determine the neutron spectrum through a decon-
volution of the observed nuclear recoil pulse height spec-
trum. For this analysis, we use the same data selection,
background treatment and acceptance correction as in sec-
tion 4.3, but restrict the energy range to 350 keVee −
950 keVee electron-equivalent energy. The main purpose
of the deconvolution is an independent confirmation of the
expected line shape of the 2.45 MeV neutron peak resulting
from reaction kinematics and Monte Carlo modeling of the
setup. The recorded pulse height events below 350 keVee
do not contribute to this information but cause instabilities
in the deconvolution process due to non-perfect neutron-
gamma separation and systematic limitations in the pre-
cise determination of the response function in this energy
range.
We use a combination of the GRAVEL [25] and
MAXED [26] deconvolution codes, with GRAVEL pro-
viding the starting values that are then used for further
refinement using the MAXED code. The allowed neutron
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Figure 6: The observed background-rejected energy spectrum (green
data points) together with the normalized expected distribution from
simulation (solid blue line). The energy range considered for the nor-
malization is indicated (red dotted lines). The reduced χ2 of the fit
is 3.07. An indication of the effect of the acceptance correction can
also be seen (dashed line). The (light blue) band around the sim-
ulated distribution indicates the uncertainties from the acceptance
function. The bottom panel shows the residuals between data and
simulation after normalization.
energy range for this analysis is 1.49 MeV to 2.92 MeV, cor-
responding to the light output of the selected pulse height
range.
The neutron spectrum obtained from this deconvolu-
tion is shown in Fig. 5. In agreement with the Monte Carlo
simulation, this deconvolved spectrum shows a double-
peaked structure around 2.4 MeV, rather than a purely
monoenergetic neutron emission. At low energies (<
2.0 MeV), an oscillatory feature appears. However, only
a small fraction of the low-energy neutrons can induce a
signal above our analysis threshold of 350 keVee. Conse-
quently, small changes in the analysis (such as the con-
sidered energy range or data selection criteria) result in
significant changes to the spectral shape below 2.0 MeV.
We thus do not consider this neutron energy range any fur-
ther. A small contribution is seen at the highest allowed
energies (> 2.8 MeV). As discussed in the next section, we
attribute this contribution to the presence of high-energy
neutrons from deuterium-tritium fusion.
4.5. High-Energy Neutrons
Upon inspection of the NE213 nuclear recoil data
at high (> 1000 keVee electron-equivalent energy) en-
ergies, we observed a secondary population at energies
above those expected from 2.45 MeV deuterium-deuterium
neutrons. We attribute these high-energy recoils to
deuterium-tritium fusion, produced in the neutron gen-
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erator as a result of the reactions
2D + 2D→ p + 3T (3)
3T +2D→ 4He + n(14.1 MeV). (4)
Reaction (3) is equally likely to occur at 50 keV as the
main neutron producing reaction (Eq 1) [27]. Since the
deuterium-tritium fusion reaction has a cross section that
is more than two orders of magnitude higher than that
of deuterium-deuterium fusion, even a small tritium con-
tamination can give a non-negligible amount of 14.1 MeV
neutrons in the spectrum.
To test this hypothesis, we rebin the recoil energy spec-
trum as shown in Fig. 7. Due to the low statistics, the de-
convolution code is prone to reconstruction artifacts. We
therefore only use the convolution method, with 14.1 MeV
neutrons as the initial spectrum originating in the neu-
tron generator fusion volume. Again, scatters in surround-
ing materials were taken into account by propagating the
neutron spectrum to the detector in GEANT4. As the sep-
aration between the electronic and nuclear recoil bands in
the NE213 detector is excellent at these high recoil energies
(>1000 keVee), the acceptance is taken to be unity. The re-
sulting simulated recoil spectrum is shown in Fig. 7, scaled
to data. We find an excellent agreement between data
and simulation, confirming our hypothesis of deuterium-
tritium fusion taking place in the generator.
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Figure 7: The observed spectrum at high recoil energies (green
data points) together with the normalized distribution expected from
14.1 MeV neutrons from deuterium-tritium fusion (solid blue line).
Again, the energy range considered for the normalization is indicated
(red dotted lines) and residuals from the normalization are shown in
the bottom panel. The reduced χ2 of the fit is 0.875.
For a quantitative analysis, we calculate the ratio of the
deuterium-tritium neutron flux to the flux of neutrons in-
tegrated between 2.0 and 2.8 MeV in the deconvoluted en-
ergy spectrum, taking into account the energy-dependent
response of the NE213 detector. We arrive at a total ra-
tio of (5.5 ± 0.3)%. This is consistent with the yield
expected from tritium produced during the operation of
the neutron generator prior to the data taking presented
here. To determine the ratio of deuterium-tritium neu-
trons to the flux of all neutrons from deuterium-deuterium
fusion, we calculate the fraction of neutrons produced in
the GEANT4 MC simulation with energies below 2.0 MeV.
In total 37.34% of the simulated neutrons have incident en-
ergies below 2.0 MeV when they reach the detector. This
is in agreement with the difference in flux measured by
the NE213 detector and the Long Counter, discussed at
the end of section 5. We conclude that the total ratio of
deuterium-tritium neutrons is (3.5 ± 0.2)%.
5. Neutron Flux
5.1. Relative Dependence
Measurements were taken at Purdue University to
measure the functional dependence of the neutron flux
on the operational parameters of the neutron generator,
namely the high voltage V and the current I applied to
the cathode. High voltages were set to between 30 kV
and 52 kV, and currents were set to between 0.5 mA and
1.1 mA. Measurements of the high voltage, current, and
getter pump temperature were collected in one minute
intervals. Three EJ301 organic liquid scintillator detec-
tors were used to measure the neutron flux. Because this
experiment was conducted in a small lab, the resulting
backscattering of neutrons from the walls prevents us from
using this data to determine the absolute neutron flux.
This does not however prevent measurement of the rela-
tive functional dependence on V and I.
A total of 107 datasets with a combined live-time of
55.3 hours were collected with the detectors level with the
neutron-producing region of the generator. We have pre-
viously studied and improved upon the pulse shape dis-
crimination using the EJ301 detectors. That work allows
us to reduce the recoil energy threshold for this analysis to
50 keVee electron-equivalent energy at 99.5% electronic re-
coil rejection, using a Laplace transform-based pulse shape
discrimination parameter [12].
We obtain a rate of nuclear recoils passing this rejection
cut and fit a function of the form
F (V, I) = aV bIc. (5)
As the neutron flux depends strongly on the applied
high voltage, which varied during a run by up to several
hundred volts, the voltage measurements are averaged to-
gether for each run via the expression
〈V 〉 =
(
1
n
n∑
i=0
V pi
)1/p
(6)
The exponent p is determined to be 3.33 through an it-
erative process where a value is chosen, the functional
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dependence is calculated from the data, and the result-
ing voltage exponent used to re-average the voltage mea-
surements. This was repeated until the values converged.
Typical variations in the applied current were of order µA.
Since the relative variations are much smaller and the flux
depends only weakly on current, no averaging process was
required for the current.
To estimate systematic uncertainties in the values of b
and c, we investigate variations of the selection criteria and
also compare the results from the three different detectors.
We find the results to be robust against changes in the
50 keVee energy threshold requirement as well as against
variations in the exponent p used when averaging high
voltage measurements.
Due to scattering of neutrons from the walls, the value
found for a is not an accurate measurement of the overall
scaling of the function, but we find b = 3.32 ± 0.14 and
c = 0.97± 0.01. Figure 8 shows the normalized measured
neutron rates as a function of cathode high voltage, at
fixed current.
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Figure 8: Measurements of the relative neutron flux produced by
the neutron generator at Purdue University for various values of
the operational parameters (cathode high voltage and current). The
current at which each measurement was taken is represented by the
color of the data point. The flux from the functional fit was found to
be proportional to (Voltage)3.32 and (Current)0.97. The solid lines
represent the predicted neutron flux as a function of cathode high
voltage, at a fixed current.
5.2. Absolute Flux
To measure the absolute neutron flux, a similar mea-
surement was performed at the PTB, where the large ex-
perimental hall resulted in significantly less environmental
scattering of neutrons. The Long Counter was used as the
detector, placed at a distance of 1.569 m from the neutron
generator, as measured to the front face of the detector. A
total of 10 datasets were collected at different high voltage
and currents settings over a wider range than measured at
Purdue. The same fitting procedure described above was
applied, resulting in b = 3.31± 0.08, and c = 1.00± 0.02,
consistent with the Purdue measurements.
We use the energy-dependent Long Counter [28] re-
sponse, taking into account neutron contributions from
both deuterium-deuterium and deuterium-tritium fusion,
to correct the measured neutron flux for the space an-
gle covered by the detector. Additionally we correct for
the residual environmental scattering from the experimen-
tal hall. Furthermore, we also take into account the
anisotropic neutron emission presented in the next sec-
tion. We thus find for the absolute deuterium-deuterium
neutron output outside of the neutron generator in the full
4pi space angle (see equation 5) a = (8.0± 0.6)× 10−2 s.−1
with V in kV and I in mA. Given the determined values
of a, b and c, the measurements of neutron flux performed
here span a range from 7.8× 103 to 1.16× 105 s−1. We
expect that the functional dependence of the rate on the
operational parameters is valid for neutron fluxes higher
than those measured in this work.
As a cross check for consistency, we compare the mea-
sured neutron flux in the NE213 detector and the Long
Counter. For the Long Counter we use data collected at
a polar angle of 90◦ and an effective radial distance of
1663 mm. Here we have included the distance to the effec-
tive center of the Long Counter, which is 94 mm behind
the front face of the detector. The neutron generator was
set to 2.0 mA and 50 kV, resulting in a measured neutron
flux in the Long Counter of (0.247± 0.022) cm−2.s−1. We
compare this to data collected with the NE213 detector
at an effective radial distance of 892 mm (which includes
the distance to the effective center of the NE213 detector
of 27 mm) and a polar angle of 90◦. This yielded a mea-
sured neutron flux of (0.643±0.064) cm−2.s−1 between 2.0
and 2.9 MeV. Taking into consideration the full neutron
energy spectrum (discussed in section 4.5) the total flux
is (1.06± 0.11) cm−2.s−1. This value is then corrected for
the difference in radial distances between the two detectors
and scaled for the different current settings using equation
5. The comparable neutron flux from the NE213 detector
is thus determined to be (0.246± 0.025) cm−2.s−1.
6. Angular Emission of Neutrons
The internal geometry of the neutron generator cylin-
der is azimuthally symmetric, but not along its axis. We
therefore assume that the flux of neutrons is independent
of azimuthal angle, and measure the neutron flux as a func-
tion of polar angle (compare Fig. 2). An angular scan was
performed in steps of 10◦ ranging from 10◦ to 180◦ using
the Long Counter. For these measurements, the neutron
generator was operated at a high voltage of 50 kV and a
current of 2 mA, and we collected approximately 1000 neu-
tron counts for each measurement.
Data taken with both the Long Counter and the EJ301
detector at PTB were corrected for the neutron flux that
was produced, given the average high voltage and cur-
rent, as discussed previously. After correction, the mea-
sured number of neutrons in the EJ301 detector (which
was held at a constant angle throughout) was found to
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Figure 9: Measured neutron flux as function of polar angle. Data
taken with the the Long Counter is shown (blue diamonds) to-
gether with the angular neutron flux dependence predicted by a de-
tailed GEANT4 simulation of the neutron generator (green bars). A
fourth order polynomial fit to the data is shown as well (red line),
parametrizing the measured dependence.
have a standard deviation of 7.5 % across the angular scan
measurements. The neutron flux at the location of the
Long Counter, shown in Fig. 9, was calculated from the
count rate using the energy-dependent response of the
Long Counter [28].
A fourth order polynomial, of the form F (cos θ) =
A+B cos2 θ+C cos4 θ, is fitted to the Long Counter mea-
surements in order to parametrize the angular dependence
of the neutron flux. The resulting fit parameters are A =
(0.237 ± 0.006) cm−2s−1, B = (−0.051 ± 0.028) cm−2s−1
and C = (−0.130±−0.025) cm−2s−1.
We simulate the expected angular dependence using
the detailed neutron generator setup in GEANT4. The
Long Counter is placed at the correct distance and angle
of each respective measurement. The EJ301 detector is
also present in the simulation to account for any scattering
off of the EJ301 cell into the Long Counter as the latter
is placed closer to the EJ301 cell for large polar angles.
At each angle we simulate 108 neutrons distributed homo-
geneously throughout the cathode and emitted isotropi-
cally with the energy spectrum previously calculated. The
GEANT4 Monte Carlo data sets are expressed in terms of
a neutron flux, using the energy-dependent response func-
tion of the Long Counter derived from GEANT4. The
resulting simulated angular dependence is also shown in
Fig. 9.
The simulation results agree well with data. We con-
clude that the measured angular emission spectrum is well
described by isotropic production of neutrons within the
volume of the cathode field cage, with any angular varia-
tions being a result of the interior geometry and composi-
tion of the neutron generator.
7. Conclusions
We have performed the first characterization of the
neutron flux produced by a deuterium-deuterium plasma
fusion neutron generator. Our interest lies in the applica-
tion of this generator as a nuclear recoil calibration source
for a sensitive dark matter scattering experiment [7]. For
this application, accurate knowledge of both the energy
spectrum and the absolute flux are mandatory.
We found that the energy spectrum is not strictly
monoenergetic, but contains two peaks at 2.22 MeV and
2.72 MeV. These are understood to be caused by the de-
pendence of the neutron energy on the neutron emission
angle relative to the momentum of the incident deuteron.
Running this generator produces small quantities of tri-
tium that resulted in a measurable flux of 14.1 MeV
neutrons due to deuterium-tritium fusion in the plasma.
These deviations from an ideal, monoenergetic spectrum
will have to be taken into account in any measurement us-
ing deuterium-deuterium generators that aims to use the
energy information of the incident neutron.
We have also characterized the dependence of the ab-
solute neutron flux on the applied high voltage and cur-
rent, as well as the dependence of the emitted neutron
flux on polar angle. Monte Carlo simulations showed that
the angular distribution of the neutron flux is affected by
transmission of neutrons through the generator housing.
The measured angular distribution is consistent with an
isotropic neutron source inside the generator. Taken to-
gether, knowledge of this parametrization will allow us to
break the degeneracy in calibration between decreasing ac-
ceptances of a detector and varying flux output from the
neutron source [29].
We have developed a Monte Carlo simulation of the
neutron generator characterized in this work, which accu-
rately predicts the emitted neutron flux. The simulation
is able to reproduce both the measured angular emission
spectrum and energy of emitted neutrons. Thus we have a
predictive model of the behavior of the neutron generator
as a nuclear recoil calibration source for other applications.
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